Recent X-ray observation has shown that the drifting pulsar B0943+10 has a much smaller polar cap area than the conventional one of pulsars with mass of ∼ M ⊙ and radius of ∼ 10 km. This leads to conflict with the original vacuum gap model. The discrepancy would vanish if PSR B0943+10 is a low-mass quark star. It is found that vacuum gap potential drop could be two orders larger when considering the effects of inclination angle, and the vacuum gap model would therefore still work well.
Introduction
Though pulsar has been discovered for nearly forty years, its nature and emission mechanism still remain as puzzles. There are various kinds of pulsar emission models for the particle acceleration, such as the vacuum gap (e.g., Ruderman & Sutherland 1975, hereafter RS75) , the space-charge-limited flow (e.g., Arons & Scharlemenn 1979) , the outer gap (e.g., Cheng et al. 1986) , and the core and annular gaps (e.g., Qiao et al. 2004 ). Due to the limits of observations and the difficulties in electrodynamics of pulsar magnetospheres, we still could not know which one really works. Each kind of model can interpret only some observational features, but at the same time, they are disfavored by some of the other observations.
One kind of interesting phenomena to discriminate these models is pulsar subpulse drifting, i.e., the substructure of pulse shows periodical changes (e.g., RS75). RS75 vacuum gap model is by far the most successful model to understand subpulse drifting. The model introduces polar cap sparks, which demonstrate E × B drift around the magnetic axis. The 1.1 s-pulsar B0943+10 is one of the best-studied subpulse-drifting pulsars. By fitting the polarization position angel of PSR B0943+10, Lyne & Manchester (1988) obtained the inclination angle α = 12.4 • (angle between the spin axis and the magnetic axis) and the observational angle ζ = 18.2 • (angle between the spin axis and the observational direction). Deshpande & Rankin (1999 , 2001 observed the pulsar and identified 20 sparks rotating with a period of P 3 = 37P , where P is the pulsar spin period. However, RS75 model suffers from binding energy problem, i.e., the model requires the binding energy of the iron ions being larger than ∼ 10 keV, which should be in doubt (e.g., Xu, R. X., Qiao, G. J., & Zhang, B. 1999) . At the same time, the model only works for Ω · B < 0. In the case of Ω · B > 0, electrons are required to bind on the surface, which can not be attained. Thus the RS75 model would fail. In order to make the vacuum gap to work well, some ideas are suggested, e.g., non-dipolar surface magnetic fields (Gil et al. 2002) , a partial flow of iron ions (Gil et al. 2003) , and quark stars (Xu et al. 1999) .
In the RS75 model, about half of the particles would hit the polar gap surface, so the polar gap will be heated to high temperature. Thus X-ray emission should be observed. In order to verify the vacuum gap model, Zhang, B., Sanwal, D., & Pavlov, G. G. (2005) observed PSR B0943+10 with XMM-Newton and gave out a rather small polar cap area A = 10 3 (T /3 MK) −4 m 2 , where T is the polar cap surface temperature and its best fitting value is 3 MK. This is contradictory to the original vacuum gap model which has a polar cap area of about 6 × 10 4 m 2 . To reconcile this problem, Zhang et al. (2005) proposed that the RS75 model requires some modification.
On the other hand, Xu et al. (1999) argued that PSR B0943+10 is a bare strange quark star rather than a normal neutron star. The polar cap area problem would be solved because a quark star could have a low mass (Xu 2005) and a small radius (hence small polar cap area). The binding energy problem would vanish under bare quark star model since binding energy of quarks and electrons on quark star surfaces could be high enough for vacuum gaps (Xu et al. 1999) . The quarks are bound by strong interaction rather than electromagnetic interaction in neutron star case. At the same time, quark star model still works for Ω · B > 0 case (Xu et al. 1999) . Taking into account the new observation results, we recalculated the quark star model and found that polar gap model could still work. The potential drop are ∼ 10 2 times larger when considering the effects of inclination angle α.
The Model
For an aligned pulsar, the polar cap radius is
where R is the star radius and c is the light speed. The polar cap area of PSR B0943+10 is A pc = πr 2 pc ≃ 6 × 10 4 m 2 when using R = 10 km and P = 1.1 s. This is much larger than the observational result of ∼ 10 3 m 2 . If PSR B0943+10 is a quark star, the above problem would vanish because a quark star could have a low mass and a small radius. Applying A pc ≃ 10 3 m 2 and equation (1), the star radius to fit the observation is only 2.6 km. In the case of low mass quark stars, general relativistic effect is weak and could be omit. The internal density of a low-mass quark star is almost homogenous in this case (Alcock et al. 1986 ). The star's mass can be well approximated as
where ρ is the density of the quark star. The density ρ is several times of saturation nuclear density ρ n (ρ n = 2.8 × 10 14 g cm −3 ). The exact value of ρ is not clear since no strong constrain has been gotten from experiments. Using a typical density ρ = 2ρ n , we can get the star's mass M ≃ 0.02M ⊙ . In RS75, pulsars are assumed to be aligned. The effective power results from a potential drop between the magnetic axis (also the spin axis) and the last open field line. The potential drop is
where Ω = 2π/P , B is the star surface magnetic field strength,
sin θ = r pc /R = (R/R LC ) 1/2 , R LC is the light cylinder radius, and θ is half the opening angle of the polar cap. Or effectively,
where R 6 = R/(10 6 cm), B 12 = B/(10 12 G), and P in units of 1 s. One can get Φ = 6.6 × 10 11 V < Φ c ∼ 10 12 V, where Φ c is the critical voltage which is obtained by requiring all the observed radio pulsar have Φ > Φ c . If Φ < Φ c , particles would not be accelerated to enough energy to form sparks. In this way, the star should not give out radio emission. What do we miss here? We miss the µ ⊥ component. The aligned pulsar assumption in RS75 is a rather strong assumption. For a more general case α = 0, Xu & Qiao (2001) proposed that the magnetic momentum could be expressed as µ = µ ⊥ + µ , where µ ⊥ = µ sin α and µ = µ cos α. In this way, the energy-lose ratė E consists two parts: that of magnetic dipole radiation (µ ⊥ ) and that of particle ejection due to the unipolar generator (µ ). The relation B ∝ (PṖ ) 1/2 could approximately be valid for oblique rotators. When taking account of µ ⊥ component, the open field line region would change. Therefore, we have the maximum potential drop,
where
In this case, sin θ = r pc /R = arcsin(R/R LOFL ) 1/2 , where R LOFL is the maximum radius of the last open field line (note R LOFL = R LC , but of the same order). In Fig.(1) , we plot Φ versus α for different ρ, R, and B and find that the potential drop Φ varies with inclination angle α. For most part in the range 0-90 degrees, Φ is about two magnitudes larger than that when α = 0. The area, A, is in the range 0.3 × 10 3 -5 × 10 3 m 2 which is the 1-σ uncertainty range of observation from Zhang et al. (2005) . We use A = 10 3 m 2 for the first case (solid line) and ρ = 2ρ n for the second (dashed line). We can see that Φ is well above 10 12 V (∼ Φ c ).
The inclination angle of PSR B0943+10 is 12.4 degrees (Lyne & Manchester 1988) . The other parameters with large uncertainty are ρ and A. The potential drop Φ is a function of these two. In Fig.(2) , we plot the potential drop versus ρ and A in the possible value range. We can see that the potential drop is well above Φ c ∼ 10 12 V in all the possible range.
Conclusion and discussion
The pulsar B0943+10 could be a low-mass quark star of radius 2.6 km and mass 0.02 M ⊙ . The polar area can fit the observational value of ∼ 10 3 m 2 . Binding energy problem would also be solved. We take into account the effects of inclination angle which are rarely considered previously. The recalculated potential drop are much larger than the convectional one. By this way, the star would be above the death line and could still give out radio emission.
We use θ 1 and θ 2 as the boundary angle. In this way we get the maximum potential drop. The effective potential drop depends on how the charge current flows, which is not clear. If we use α instead of θ 1 , as in the conventional cases, the potential drop will be about half the value. However, this does not affect our conclusion. At the same time, the polar cap edge is not an exact circle when α = 0, but the effect is also small for small α (Qiao et al. 2004) .
The polar cap area should be divided by a factor because we are not situated at the direction of the magnetic axis. This projection effect also affects our results. The projection factor can be estimated as [cos(ζ +α)+cos(ζ − α)]/2 ≃ 0.93. The modification is smaller than 10%. Hence our conclusion would not change.
